Vertically integrated liquid (VIL) water content is a parameter obtained from a radar performing voluminal scanning. This parameter has proven useful in the detection of severe storms and may be a worthwhile indicator for very short-term rainfall forecasting methods. Unfortunately, no information is available on the accuracy of VIL radar measurements. The present paper addresses this issue by means of simulation. Reference VILs are defined from vertical profiles of drop size distributions (DSD). These profiles make it possible to simulate the corresponding vertical profiles of reflectivity as well as the radar measurements used to deduce the VIL, as estimated classically (i.e., application of a classical relationship between equivalent radar reflectivity factor Z e and liquid water content M adapted to raindrops). A comparison of the reference VIL to the corresponding estimate then allows estimating radar measurement error. The VIL measurement error is first studied from two hypothetical, yet realistic, vertical profiles of DSD: one typical of stratiform rain and the other typical of a convective situation. A sensitivity analysis with respect to both meteorological conditions and radar operating conditions is also performed on these two profiles. For the convective case, use of a classical Z e -M relationship adapted to liquid water results in a significant underestimation of the reference VIL value. The same effect applies to the stratiform profile, even though brightband phenomena can compensate for this underestimation and lend the impression of smaller measurement error. A simple alternative method is proposed in order to reduce measurement errors. Both conventional and alternative VIL measurement methods are tested on the two theoretical profiles as well as on a series of actual vertical profiles of reflectivity. Better measurements are obtained with the alternative method, provided the altitude of the 0ЊC isotherm and the density of ice particles can be determined with reasonable precision. This alternative method for estimating VIL from radar data could serve to improve VIL measurement accuracy and would be worth applying to a longer series of observed data.
Introduction
Real-time surveys of rainfall fields and measurement of rainfall rates have for a long time constituted the primary objective of operational weather radar networks. The deployment of modern radar networks has allowed for more refined atmospheric sampling by providing additional radar information: voluminal scanning, Doppler velocity, etc. As illustrated by the Next Generation Radar (NEXRAD; Klazura and Imy 1993) or in Europe (European Commission 2001) , new radar data products have been made available to users. Research has been undertaken to take advantage of these new products. The vertically integrated liquid water content (hereafter denoted VIL) constitutes one such product. VIL actually represents the atmospheric water content that can be measured by classical (C or S band) weather radars and stands for the precipitation water content. Investigations conducted on the use of VIL have mainly been oriented in two directions: hail and severe storm warning, and quantitative rainfall forecasting. Amburn and Wolf (1997) indicated that the probability of a thunderstorm producing hail at ground level increases once VIL density exceeds a threshold of 3.5 g m Ϫ3 . Billet et al. (1997) proposed a logistic regression algorithm based on both meteorological parameters and VIL to predict the probability of hail size exceeding 1.9 cm. Kitzmiller et al. (1995) observed that VIL acts as a discriminator between severe and non-severe thunderstorms. Shafer et al. (2000) , in studying a storm system, observed that the cloud-to-ground flash density and other variables, such as reflectivity and VIL, evolve similarly. The efficiency of VIL-based algorithms for hail detection is a topic regularly addressed at radar conferences and does not yet appear to be fully established, as results obtained by Edwards and Thomson (1998) have confirmed.
Following the work of Georgakakos and Bras (1984) , Seo and Smith (1992) and then French and Krajewski (1994) introduced VIL into very short-term rainfall forecasting models. The basic idea therein consists of a simple, yet physically based, model of the evolution of the VIL contained in atmospheric columns that move in VOLUME 20 accordance with the rainfield velocity. Such an approach seeks to add a dynamic component to very short-term rainfall forecasting techniques that utilize the advection of rainfields. This model has been adapted and tested within an orographic context (Andrieu et al. 1996) . Although encouraging, the results obtained were not fully decisive, partly because of the poor quality of the radar data used. Nevertheless, the potential utility of VIL for very short-term rainfall forecasting models has been confirmed in a number of ways: (i) simulation methods (Thielen et al. 2000; Dolcine et al. 2000) , which take outputs from a mesoscale model as the reference values; and (ii) data analyses (MacKeen et al. 1997) , which acknowledge that the sign of VIL evolution is related to the remaining storm lifespan. VIL has also been used in more detailed rainfall forecasting models. Lee and Georgakakos (1990, 1996) developed a rainfall simulation model that considers VIL measurement as the observation variable of a Kalman filter serving to adjust the instability index of the rainfall simulation model variable. Nakakita et al. (1996) and Sugimoto et al. (2000) determined the water vapor conversion rate of a physically based rainfall simulation model from VIL radar measurements. Ducrocq et al. (2000) pointed out that rainwater content estimated by radar was useful in initializing a finescaled model for convective system prediction. Despite this rise in interest, very few studies have yet to focus on VIL measurement, which can only be performed by means of radar. French et al. (1995) addressed the influence of errors in reflectivity measurements. Klazura and Imy (1993) indicated that VIL ''reflectivity data converted into liquid water equivalent via an empirically derived relationship that assumes all reflectivity returns are from liquid water.'' Various parameters are liable to affect the accuracy of VIL measurements: variations in drop size distribution (DSD) characteristics, influence of the melting layer, presence of ice water in the upper part, and radar operating conditions (e.g., distance and beamwidth). The objective of this study is to quantify the influence of these parameters in order to assess the accuracy of VIL radar measurement. The adopted approach will be presented in the next section.
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The adopted approach
The adopted approach consists of defining a reference VIL and then comparing it to the corresponding value measured by radar while performing voluminal scanning; this approach is based on simulation. The reliance upon simulation has been dictated for two reasons: it is not possible to measure VIL directly, and no comparison can be drawn between VIL measured indirectly by means of radar and a reference measurement. The variables used to characterize rainfall (i.e., intensity, rainwater content, and radar reflectivity) are bulk integrals of the DSD (Sempere- Torres et al. 1994) . Consequently, the basis of the modeling approach lies in the definition of DSD, which varies with altitude according to various factors that each represent a source of error in measuring VIL by radar. The adopted approach therefore encompasses the following steps (summarized in Fig. 1 ).
• Step 1: Choice of a vertical profile of DSD and meteorological conditions to allow both separating liquid from ice water and locating the melting layer. The vertical profile of DSD is transformed into a vertical profile of water content (VPWC) which, once integrated, provides the reference VIL.
• Step 2: Development of a model that enables transforming the vertical profile of DSD into a vertical profile of equivalent radar reflectivity factor (hereafter denoted VPR). This step accounts for meteorological information as well as the nature and types of hydrometeors that define the backscattering properties.
• Step 3: Simulation of the apparent VPR, that is, the VPR seen by a radar performing voluminal scanning; this step serves to introduce radar operating conditions.
• Step 4: Transformation of the apparent VPR into an apparent vertical profile of water content, from which the radar-measured VIL is deduced. The ''classical method'' for estimating rainwater content from radar reflectivity is based on a Z e -M relationship [see Eq.
(22), section 4]; it will be compared with a slightly different approach, the ''alternative method,'' in the aim to improve the accuracy of VIL measurement.
•
Step 5: Assessment of the radar-measured VIL.
The paper has been organized as follows. Section 3 describes the model for deriving the vertical profile of reflectivity from the vertical profile of DSD and summarizes the procedure used to simulate VIL radar measurement from the VPR. Section 4 discusses the influence of various errors on the VIL radar measurement, while section 5 presents the ''alternative'' VIL measurement method capable of mitigating the influence of these error sources. Section 6 is devoted to evaluating and comparing the classical and alternative methods; this assessment is based on actual data. The paper closes with a concluding section.
Modeling of vertical profiles of reflectivity and precipitation content a. Development assumptions
The vertical change in precipitation is driven by microphysical processes, described in detail by Pruppacher and Klett (1978) or by Rogers and Yau (1989) . Microphysical processes are themselves controlled by the meteorological environment: temperature, pressure, and moisture. These processes result in vertical variations of the distribution of precipitation particles as they melt below the freezing level as well as in eventual changes to the size distribution of solid particles and particle density above the freezing level. An explicit model of microphysical processes would provide a detailed representation of the dynamics of precipitation formation and evolution, that is, the vertical changes in DSD features. Nevertheless, such a model would need to be coupled with a meteorological model; this combination would constitute a rather complex tool that involves many parameters and variables. This explicit modeling approach does not appear well-suited to studying the various sources of errors liable to affect VIL radar measurements. In order to achieve our goal, we have adopted a simplified model that does not include a representation of the microphysical processes; the vertical changes in DSD constitute the model inputs. The model developed allows focusing on the most influential parameters in VIL radar measurement and relies on the following assumptions.
• The reference variable is the DSD, which serves to generate all bulk variables defining precipitation characteristics: water content, radar reflectivity (Sempere- Torres et al. 1994) , etc. The precipitation DSD conforms to an exponential distribution (Marshall and Palmer 1948) :
where
) is the number of drops with diameters between D and D ϩ dD (m) per unit diameter range per unit air volume at altitude h (m), N 0 (m Ϫ4 ) is a measure of the total number of drops within the same unit volume, and ⌳(h) (m Ϫ1 ) is the inverse value of the mean drop diameter at altitude h.
• Three types of water particles are distinguished: liquid, solid, and melting (hereafter denoted by the subscripts l, s, and m, respectively). For liquid particles, parameter N 0 of the DSD is assumed independent of altitude, which means that vertical DSD variations give rise to changes in ⌳. This hypothesis is strengthened by the fact that N 0 is often assumed to be constant (Delrieu et al. 1991) . It has been accepted that this assumption remains valid for solid particles as well.
• The melting layer is a narrow transitional zone in which the parameters influencing the backscattering properties of precipitation particles (mass density, dielectric constant, DSD) change very rapidly. The melting layer is capable of considerably enhancing the measured reflectivity (in the presence of the bright band). The melting process representation has already been addressed by several authors, with varying levels of description of the microphysical and thermodynamic processes (Willis and Heymsfield 1989; Klaassen 1988; Szyrmer and Zawadski 1999) . The model used herein has been inspired from both Hardaker et al. (1995) , which does not, however, take explicit account of thermodynamics, and Borga et al. (1997) . In particular, the continuity of DSD at the solid/melting and melting/liquid transitions is ensured by assuming a one-to-one correspondence between solid particles and liquid raindrops.
b. Radar reflectivity and precipitation water content
The general expression of precipitation content M at altitude h is given by
where (h) (kg m Ϫ3 ) is the density of precipitation particles at altitude h, and D min and D max (m) the minimum and maximum diameters, respectively. It is usually accepted that: D min ϭ 0 and D max ϭ ϱ (Atlas et al. 1973) .
Substituting D min and D max in Eq. (2) leads to the expression of VIL:
where h t is the height at the top of the cloud. Equivalent radar reflectivity factor at altitude h can be expressed as follows:
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where Z e (mm 6 m Ϫ3 ) is the equivalent radar reflectivity factor, (m) the radar wavelength, (m 2 ) the backscattering section of a water particle of diameter D, K(h) the dielectric factor of precipitation particles, m(h) the complex refractive index, and a n and b n the Mie coefficients dependent upon the complex refractive index and upon D/ (Battan 1973) .
Replacing in Eq. (4) with the expression in Eq. (6) yields the final expression of equivalent radar reflectivity factor:
Equations (3) and (8) confirm that equivalent radar reflectivity factor and precipitation water content expressions involve three variables that all depend on altitude: (i) the mean DSD diameter, (ii) the mass density of precipitation particles, and (iii) the complex refractive index of the particle. The next paragraphs describe the modelling of the vertical profiles of these variables which develop in three different layers: the lowest layer (hereafter referred to as the liquid layer), in which precipitation particles take the form of raindrops; the upper layer that contains ice water (hereafter the solid layer); and an inbetween melting layer that displays specific features.
c. Vertical profile of precipitation particle mass density
In the lowest part of the atmosphere, precipitation particles are raindrops. Consequently, their mass density is constant and equal to Above the 0ЊC isotherm, precipitation particles are ice particles and their mass density varies according to the type of hydrometeors: snowflakes, graupels, etc. In the following discussion, the mass density of solid particles will depend on the empirical density factor introduced by Klaassen (1988) 
with s,min ϭ 5 kg m Ϫ3 and s,max ϭ 900 kg m Ϫ3 , where s is the mass density and e the density factor that varies between 0 and 1 in order to cover the entire range of mass density. It is assumed herein that the density factor remains constant throughout the solid layer.
In the melting layer, precipitation particles are composed of a mixture of liquid and solid water, characterized by the melted mass fraction (defined as the melted mass divided by total particle mass). The melted mass fraction is approximated by a sine function, as suggested by Russchenberg (1992) :
where f m (h) is the melted mass fraction, and h min and h iso0 denote the lowest latitude of the melting layer and the 0ЊC isotherm, respectively. The term f m increases from 0 at the solid layer boundary to 1 when reaching the liquid layer boundary. The mass density of melting particles changes according to the melted fraction and is expressed by Borga et al. (1997) as
Vertical profile of the complex refractive index
The complex refractive index depends on radar wavelength, temperature, and the phase state of the scatterers.
In the liquid layer, it is typically accepted that the variation in refractive index with respect to wavelength and temperature is negligible, thereby leading to a dielectric constant of | K(h) | 2 ϭ 0.93. In the solid layer, precipitation particles are heterogeneous and composed of a mixture of air and ice water. The refractive index of these mixtures is calculated by the ''matrix inclusion'' method proposed by Klaassen (1988) valid only for spherical particles. Let us suppose that a particle is composed of an element matrix containing inclusions of another element. The complex refractive index of the mixture can be written as follows:
where m 2 is the complex refractive index of a matrix containing inclusions, the indices ''mat'' and ''inc'' stand for ''matrix'' and ''inclusion,'' respectively, and f is the volume fraction of total particle volume.
In the solid layer, ice precipitation particles are formed of matrices of ice containing air inclusions. The refractive index can be derived from Eq. (13) 
inc air s with s,min , s,max , and e as previously defined. It is considered a reasonable assumption that the value of f mat and consequently of m 2 and ␤ do not vary with altitude. In the melting layer, precipitation particles are composed of liquid water with snow inclusions, which them-
selves are considered as mixtures of pure ice and air inclusions. The Klaassen concept is applied according to a two-step process. First, the equivalent complex refractive index of ice water (snow)-that is, a matrix of pure ice with air inclusions-is calculated with Eq. (13). Second, snow particles are used to represent the inclusions in a liquid water matrix. The equivalent complex refractive index of any particle can thus be calculated using The vertical variations in parameter ⌳ are assumed linear and defined by a slope expressed in terms of m Ϫ1 m Ϫ1 ; they are chosen such that the resulting VPR is consistent with observed profiles representative of meteorological conditions. The value at ground level ⌳ (h ϭ 0) is estimated from the rainfall rate R (mm h Ϫ1 ) according to the following relationship (Marshall and Palmer 1948) :
f. VIL radar measurement
The reflectivity radar measurement can be written in the following form:
where e , the equivalent radar-measured reflectivity fac-Z tor, depends on the distance x between the radar and measurement point, elevation angle A, and radar beam width 0 ; h Ϫ and h ϩ denote the lower and upper limits of the radar beam, respectively, and depend on radar operating conditions A, 0 , and x; g represents the partial integral of the radar beam power distribution at altitude h; and Z denotes the reflectivity.
The VIL radar measurement is usually deduced from discrete radar observations between the ground level and the radar echo top, resulting in the following expression:
where VIL* is the VIL (kg m Ϫ2 ) radar measurement; n the number of radar bins along a vertical; A i the elevation angle for radar bin number i; and , re-
spectively, the top altitude of the highest radar bin and the bottom altitude of the lowest bin; and c and d the parameters of the adopted Z e -M relationship.
g. Summary of model operations
This section provides a summary of the construction of vertical profiles of both water content and reflectivities. Two hypothetical vertical profiles of DSD are provided; each is representative of a distinct meteorological situation: stratiform (denoted SVP) and convective (denoted CVP). Regarding SVP, the vertical profile of ⌳ allows to retrieve a VPR typical of a stratiform situation, as described by Fabry and Zawadski (1995) . Set at a constant value below the top of the melting layer, ⌳ increases to reach a decrease in Z of about 7 dBZ km Ϫ1 in the solid layer. The echo top is determined by the reflectivity, whose value is equal to the minimum detectable reflectivity (which corresponds to a radar constant C ϭ Ϫ62 dBm and a minimum detectable signal equal to Ϫ110 dBm). For CVP, the vertical variations of ⌳ are consistent with the mean VPR derived from the convective rainfall events observed during Hydromet International Radar Experiment (HIRE) (see section 6). The term ⌳ rises in order to attain a decrease of 0.66 dBZ km Ϫ1 for Z e in the liquid, melting, and solid layers. The first stage of operations consists of defining both the rainfall rate at ground level R 0 , the surface temperature T 0 , and the type of rainfall event: stratiform versus convective. This stage allows characterizing the DSD at ground level, with N 0 and ⌳ being adapted to the type and intensity of rainfall event. The rate of change of ⌳ is chosen, according to the type of rainfall event. The temperature decrease with altitude is assumed to follow the saturated adiabat, which yields the 0ЊC isotherm. The solid layer is characterized by two parameters: the increase rate in DSD parameter ⌳, and the density factor (which is defined according to the type of rainfall event). The melting layer thickness is estimated by means of the empirical relationship proposed by Fabry and Zawadski (1995) where Z e is expressed in mm 6 m Ϫ3 :
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The echo top h t (m) is related to the rainfall rate R (mm h Ϫ1 ) by virtue of the observation provided by Adler and Mack (1984) :
The profiles of ⌳, reflectivity, mass density, and dielectric constant are all shown in Fig. 2 
Assessment of the sources of error in VIL radar measurement
This section is intended to quantify the magnitude of errors occurring in VIL radar measurement. The reference is composed of vertical profiles of DSD of VOLUME 20
Vertical profiles for the (left) reference stratiform profile, e ϭ 0.7, and the (right) reference convective profile, e ϭ 1.0, of (a) reflectivity, (b) second DSD parameter ⌳, (c) mass density, and (d) dielectric factor. precipitation particles, which provide the true VIL [Eq. (3)] while serving to calculate the reference VPR used to simulate the VIL radar estimation, in accordance with the model described in section 2 (see Fig. 1 ). This error analysis is based on the two hypothetical vertical profiles of DSD introduced in the previous section, which are representative of stratiform and convective meteorological situations, respectively.
The Z e -M relationship (Amburn and Wolf 1997) , classically used to estimate the VIL, is established by combining the integral definitions of both reflectivity and water content and in assuming the Rayleigh approximation with N 0 ϭ 8 ϫ 10 6 m Ϫ4 :
In this expression, M is the water content expressed in kg m Ϫ3 and Z e is expressed in mm 6 m Ϫ3 . For this error analysis, the radar displays the following features: a 5-cm wavelength, a 3-dB beamwidth 0 ϭ 1.3Њ, a lowest elevation angle A 1 ϭ 0.65Њ, and an elevation angle increment of 1.3Њ, which means that adjacent 3-dB radar beams are contiguous. Various measurement distances will be tested, ranging from 30 to 100 km. It is assumed that the number of elevation angles is large enough to allow for a complete sampling of the vertical profile. If radar beams were not contiguous, an interpolation procedure would be needed to fill in the vertical profile of reflectivity. This additional source of error in the VIL measurement is not addressed in this study. The measurement error is quantified by the relative error (denoted RE and expressed in percent) between the true VIL and the VIL value measured by radar (VIL*), as follows:
VIL
The results of this error analysis have been summarized in Fig. 3 and give rise to the following general comments. In the convective situation (CVP), VIL is likely to be significantly underestimated (by about 40%). This underestimation can be explained (Fig. 4) by the fact that the classical Z e -M relationship is not well-suited to the ice phase of water particles. In the stratiform situation, no significant bias is found in the VIL measurement and measurement error varies over the interval [Ϫ10%, ϩ10%] depending on conditions. This lack of bias can be explained by the fact that the overestimation due to the bright band compensates for the underestimation occurring in the solid phase. The following sections will discuss the influence of radar operating conditions and of meteorological condition on VIL estimation accuracy.
a. Influence of radar operating conditions
The two radar parameters tested are beamwidth and distance to the radar. Three radar beamwidths have been considered herein (1.0Њ, 1.3Њ, and 1.6Њ) along with various distances. In all cases, it is assumed that the 3-dB beamwidths are contiguous. Figure 3a illustrates the evolution in relative error versus distance for the two reference vertical profiles of DSD. It appears that beamwidth does not significantly influence VIL error measurement regardless of the profile under consideration. The level of underestimation remains unchanged for the CVP. The measurement error stays within the interval [Ϫ10%, ϩ10%] for the reference SVP. The random fluctuations of measurement error in the latter case are due to variations in distance to the intersection between radar beam and bright band.
b. Influence of meteorological conditions
The VIL measurement error may depend on meteorological conditions, which are represented by the characteristics of the vertical profile of DSD of precipitation particles. The sensitivity analysis of VIL error entails the following parameters: (i) the 0ЊC altitude, which controls the water phase change; and (ii) the density factor and DSD profile for raindrops. All of these parameters exert an influence on the Z e -M relationship, which serves to derive the snow, graupel, and rainwater content from equivalent radar reflectivity factor.
The influence of the 0ЊC altitude, as illustrated in Fig.  3c , depends on the type of rainfall event. For the convective event (CVS), VIL measurement accuracy falls when the 0ЊC altitude decreases regardless of distance (from Ϫ30% to Ϫ50%). This finding is due to the growing portion of the profile being ascribed to the solid layer, which displays different backscattering characteristics. The stratiform profile is much less affected by changes in the 0ЊC altitude, although a drop in measurement accuracy can be detected for low values of the 0ЊC isotherm.
The density factor is related to the mass density of ice water particles. The magnitude of the brightband peak depends on the value of the density factor above the melting layer. As indicated in Table 2 , a high e value corresponds to a weak brightband peak while a low e value corresponds to a high brightband peak. The stratiform situation (SVP) corresponds to an e value ranging from about 0.6 to 0.8. A systematic overestimation of the actual VIL is associated with very low values of the density factor (see Fig. 3b ); in this case, the overestimation of VIL due to the bright band does not compensate for the underestimation due to an unsuitable Z e -M relationship for ice particles. As e increases, the bias VOLUME 20 becomes negligible and VIL stands between Ϫ10% and 10%. For the convective situation, underestimation increases with the value of e, that is, as graupels become closer to pure ice.
In conclusion, the most influential parameters with respect to VIL measurement accuracy are: the characteristics of the vertical profile of DSD and the density factor. Both are associated with the contrast existing between the backscattering characteristics of solid water particles and liquid raindrops. This finding confirms that the use of a single Z e -M relationship for all the vertical radar bins does not appear adapted to an accurate VIL radar measurement. The next section presents a simple method for helping improve this accuracy.
A simple method for improving VIL measurement
The sensitivity analysis conducted in the previous section has demonstrated that the classical method for estimating VIL results in (i) an underestimation due to the use of a Z e -M relationship ill-adapted to ice water particles in convective situations, and (ii) a smaller measurement error for stratiform situations, due to the offset of two sources of error. In order to reduce VIL measurement error, it is proposed herein to test the following simple alternative method, which consists of the following.
• Using two distinct Z e -M relationships on both sides of the 0ЊC isotherm, adapted to raindrops in the lower part of the profile and to snow (for the stratiform situation) or ice (convective situation) in the upper part. The Z e -M relationship adapted to ice water is computed with the same technique, but by taking the mass density related to e into account; moreover, this relationship is uniformly applied within the solid layer.
• Replacing the reflectivity factor of the radar bins intersecting the melting layer by a linear interpolation of reflectivity factors on both sides separating this area.
The practical application of this alternative method requires, in all cases, estimating the values of both the 0ЊC altitude (iso0) and the density factor (e) in the solid layer, as the values of these two parameters are never precisely known. Equation (20) is used to determine the melting layer thickness.
An initial evaluation of the alternative method has been conducted under perfect conditions. This evaluation is based on the two reference profiles (CVP and SVP). We have assumed that: the method's application conditions are not subjected to any source of error and both the density factor and 0ЊC-isotherm altitude are precisely known. This assumption, of course, does not represent a real-world situation. Figure 5a displays the results obtained with the alternative and classical methods; these results confirm the potential interest of the alternative method, which reduces overestimation due to the bright band while reducing underestimation due to the unsuitable classical Z e -M relationship. In order to take the uncertainty on the 0ЊC-isotherm altitude and on the density factor into account, the previous test has been performed again under the following assumptions.
• The estimation of the 0ЊC isotherm is affected by an error on the 0ЊC altitude distributed according to an unbiased Gaussian law, with a standard deviation error of 100 or 200 m; and • the Z e -M relationship for ice particles corresponds to an error of the density factor, which follows an unbiased Gaussian law with a standard deviation of 0.1 or 0.2.
The results obtained are presented in Figs. 5b-d, which indicate that errors introduced in estimating the freezing level or density factor are not detrimental to the alternative method, which remains more efficient than the classical method. Nevertheless, this conclusion only applies to the reference vertical profiles of DSD used in the sensitivity analysis. The next section will focus on a validation procedure that proves to be more consistent with real-world VIL measurements.
6. An evaluation of VIL measurement from actual radar data
a. Presentation of the case study
A real-world validation would require comparison between VIL radar measurement and direct measurement, but such a comparison remains entirely impossible. Despite this difficulty, an evaluation of VIL radar measurement, based on actual vertical profiles of reflectivity, has been conducted. The dataset was taken from the HIRE experiment (Uijlhenhoet et al. 1999) , which took place in Marseille from September to November 1998. During this period, 12 various types of rainfall events (stratiform, convective, autumn storms, etc.) all characteristic of this region occurred. These events were either partially or totally recorded by various sensors, including an X-band vertically pointing radar operated by the University of Bristol. This radar samples the atmospheric structure with both a very short temporal period (4 s) and a very detailed spatial resolution (7.5 m). The validation of VIL measurement is performed in two stages: definition of the reference VILs, and ap-VOLUME 20 Defining the reference VIL requires transforming the VPRs recorded by the vertically pointing radar into vertical profiles of DSD. This retrieval procedure is based on the theoretical model presented in section 2, which has been slightly modified in order to adapt to actual observations-that is, (i) in the liquid phase, the value of ⌳ is directly deduced from observed reflectivities; and (ii) the density factor is estimated from the magnitude of the brightband peak, according to results of the theoretical model (see Table 2 ). Moreover, this procedure allows the determinination of vertical profiles of water content that are both realistic and fully consistent with the observed VPRs. The reference VILs are directly derived from these profiles; nevertheless, it must be kept in mind that these vertical profiles of water content are not true profiles, since the true profiles remain unknown.
b. Evaluation of VIL measurement methods
The method is evaluated as follows. The volume scan radar data are derived from vertically pointing radar data. The 3-dB beamwidth is 0 ϭ 1.3Њ, the incremental elevation angle between successive beam widths is 1.3Њ. Three distances 30, 60, and 90 km are considered in order to cover the hydrological range of application of a weather radar. The VIL is estimated from these VPRs according to the two following methods: 1) the classical VIL measurement method [Eq. (22) ], which corresponds to liquid water, is applied; and 2) the alternative VIL measurement method requires knowledge of both the 0ЊC-isotherm altitude and the density factor. It is assumed that (i) the error on the 0ЊC altitude is distributed according to an unbiased Gaussian law with a standard deviation error of 200 m, and (ii) the error of the density factor follows an unbiased Gaussian law with a standard deviation of 0.2. The two VIL values obtained with the alternative and classical methods are then compared to the reference VIL value with the evaluation criterion being the mean relative error. The obtained results are displayed in Table  3 and plotted in Fig. 6 and Fig. 7 , which display the histograms of the relative error for the set of 515 stratiform and 565 convective profiles at distances of 30, 60, and 90 km. Figure 6 shows that the classical method leads to a significant underestimate of the VIL, whatever the distance. The alternative method reduces this bias and provides better VIL estimates. Nevertheless, results obtained with the alternative method are not totally conclusive. The amplitude of the scattergram relative errors associated with the alternative method is equal or even larger than the one associated with classical method. These conclusions remain valid for stratiform profiles (Fig. 7) .
In summary, an evaluation of the VIL radar measurement, based on a set of vertical profiles of reflectivity recorded by a high-resolution vertically pointing radar, has been performed. This evaluation confirms that the classical VIL measurement method is likely to lead to an underestimation of the true VIL; moreover, it indicates that improvement can be obtained by applying a simple alternative method, which distinguishes the liquid and solid water particles. This alternative method requires information on both the 0ЊC-isotherm altitude and the density factor. If these two parameters can be estimated with reasonable confidence, the method proves to be quite efficient.
Conclusions
This study has been intended to assess the accuracy of VIL estimation, which constitutes a product of weath- er radars performing voluminal scanning. This evaluation has been conducted by means of simulation, due to the absence of reference measurements. The reference VIL has been derived from a reference vertical profile of DSD, defined by including the various states of water particles: liquid, solid, and melting. Furthermore, a model has been developed in order to (i) simulate the vertical profile of reflectivity corresponding to the vertical profile of DSD, and (ii) calculate the VIL that would be obtained by using the classical method based on a Z e -M relationship adapted to liquid precipitation water. The VIL measurement error, for a given vertical profile of DSD (i.e., for a given meteorological situation), is obtained by comparing the reference VIL to the VIL measurement simulated by the model. During an initial stage, two reference profiles representing two distinct meteorological situations were used: the first represents stratiform rainfall events, while the second represents convective rainfall events. A sensitivity analysis of both the meteorological conditions and radar operating conditions reveals that VIL measurement errors related to meteorological conditions are significant. For a convective situation, the level of underestimation ranges over the interval [Ϫ20%, Ϫ40%], whereas in stratiform situations the measurement error is more variable (over the interval [Ϫ10%, ϩ10%] ) and lends the impression of being smaller. This outcome is due to the compensation taking place between the brightband effect and underestimation occurring in the solid phase.
An alternative method has been proposed to limit measurement errors; this method consists of removing the radar bins corresponding to the 0ЊC isotherm and adapting the Z e -M relationship to the type of water particles: liquid or solid. The method has been applied to the two adopted profiles, and its sensitivity to the required parameters (i.e., 0ЊC-isotherm altitude and density factor) has been tested. Improvements to VIL measurement are indeed possible thanks to this method, despite approximate knowledge of the parameters. Both the classical and alternative VIL measurement methods were tested and compared on a dataset that combines VPRs observed by a vertically pointing radar. This test, which more closely resembles actual measurement conditions than the reference VPRs, indicates that as 0ЊC-isotherm altitude increases and the density of ice particles becomes precisely known, the alternative method reduces measurement error to a greater extent.
The simplicity of the alternative VIL measurement method makes it appealing for practical use in real-time VIL measurement algorithms. Before its implementation, this method should undergo testing on a larger number of actual situations, by means of comparing the estimations provided by both methods. Moreover, it would be worthwhile to assess the interest of polari-zation techniques in improving determination of the 0ЊC altitude and better distinguishing hydrometeors, in addition perhaps to estimating the density factor.
